Drought and salinity are major abiotic stresses to crop production. Here, we show that overexpression of stress responsive gene SNAC1 (STRESS-RESPONSIVE NAC 1) significantly enhances drought resistance in transgenic rice (22-34% higher seed setting than control) in the field under severe drought stress conditions at the reproductive stage while showing no phenotypic changes or yield penalty. The transgenic rice also shows significantly improved drought resistance and salt tolerance at the vegetative stage. Compared with WT, the transgenic rice are more sensitive to abscisic acid and lose water more slowly by closing more stomatal pores, yet display no significant difference in the rate of photosynthesis. SNAC1 is induced predominantly in guard cells by drought and encodes a NAM, ATAF, and CUC (NAC) transcription factor with transactivation activity. DNA chip analysis revealed that a large number of stress-related genes were up-regulated in the SNAC1-overexpressing rice plants. Our data suggest that SNAC1 holds promising utility in improving drought and salinity tolerance in rice.
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Oryza sativa ͉ abscisic acid ͉ stomata ͉ dehydration P oor water management, increased competition for limited water resources, and the uncertain threats associated with global warming all highlight the looming water crisis that threatens agricultural productivity worldwide. In China alone, the estimated annual loss of national economy from water shortage alone reaches Ͼ$25 billion (1). In addition to altered water management practices, the ability to enhance the tolerance of crops to drought and salinity stress, particularly at the most sensitive reproductive stage of growth, can have a potentially huge impact on productivity in the years to come.
Plants can develop numerous physiological and biochemical strategies to cope with adverse conditions (2, 3) . The major events of plant response to dehydration stresses are perception and transduction of the stress signals through signaling components, resulting in activation of a large number of stress-related genes and synthesis of diverse functional proteins that finally lead to various physiological and metabolic responses (4) (5) (6) . Well characterized proteins involved in the protection of plant cells from dehydration stress damage include molecule chaperons, osmotic adjustment proteins (7) , ion channels (8) , transporters (9) , and antioxidation or detoxification proteins (10) . The expression of these functional proteins is largely regulated by specific transcription factors (4, 11) .
More than 30 families of transcription factors have been predicted for Arabidopsis (12) . Members of DREB or CBF, MYB, bZIP, and zinc-finger families have been well characterized with roles in the regulation of plant defense and stress responses (4-6, 13, 14) . Most of these transcription factors regulate their target gene expression through binding to the cognate cis-elements in the promoters of the stress-related genes. Two well characterized dehydration stress-related cis-elements bound by transcription factors are the drought-responsible element (DRE) recognized by DREB or CBF transcription factors (15) and the abscisic acid (ABA)-responsive element (ABRE) recognized by bZIP domain transcription factors (16) (17) (18) . Numerous reports suggest that overexpression of some stress-inducible transcription factors, such as DREB1A (19) , CBF4 (20) , SCOF (21), Tsi (22) , and OSISAP1 (14) , can increase the tolerance to drought, salinity, or low temperature in Arabidopsis or other plant species.
NAC (NAM, ATAF, and CUC) is a plant-specific gene family, and most NAC proteins contain a highly conserved N-terminal DNA-binding domain, a nuclear localization signal sequence, and a variable C-terminal domain. Ooka et al. (23) reported that 75 and 105 NAC genes were predicted in the Oryza sativa and Arabidopsis genomes, respectively. The cis-element of NAC transcription factor [NAC recognized sequence (NACRS)] was also identified in Arabidopsis (24) . The first reported NAC genes were NAM from petunia (25) and CUC2 from Arabidopsis (26) that participate in shoot apical meristem development. Other development-related NAC genes have been suggested with roles in controlling cell expansion of specific flower organs [such as NAP (27)] or auxindependent formation of the lateral root system [such as NAC1 (28) ]. Some of NAC genes, such as ATAF1 and ATAF2 genes from Arabidopsis (26) and the StNAC gene from potato (29) , are induced by pathogen attack and wounding. More recently, a few NAC genes, such as AtNAC072 (RD26), AtNAC019, AtNAC055 from Arabidopsis (24, 30) , and BnNAC from Brassica (31), were found to be involved in the response to various environmental stresses.
In this study, NAC gene SNAC1 (STRESS-RESPONSIVE NAC 1) was isolated and characterized in rice. This gene can be induced by drought specifically in guard cells. SNAC1-overexpressing transgenic plants showed significantly improved drought resistance under field conditions and strong tolerance to salt stress.
Results
The SNAC1 Gene Is Induced by Drought Predominantly in Guard Cells.
Based on the expression profiling of rice under drought stress using a cDNA microarray containing 9,216 unique cDNA sequences (unpublished data), an EST showing 5.6-fold increase of expression level in an upland rice cultivar IRAT109 (Oryza sativa L. ssp japonica) after drought stress was identified, and the EST showed homology to known NAC genes. A full-length cDNA (1,290 bp) of this gene, designated SNAC1, was isolated from the upland rice cultivar IRAT109 by RT-PCR. SNAC1 showed 98.6% sequence identity and the same location in the rice genome to the predicted gene ONAC044 (23) . Northern blot analysis revealed that the expression of this gene could be induced by drought, salt, cold, and abscisic acid (Fig. 1a) .
The temporal and spatial patterns of SNAC1 expression were investigated by transforming a japonica cultivar Nipponbare with a fusion gene of P SNAC1 :GFP (Fig. 1c) . A GFP signal was observed in callus, root, ligule, stamen, and pistil from transgenic plants under normal growth conditions (Fig. 1b) . When transgenic plants were drought-stressed to the stage of leaf-rolling, strong induction of GFP was detected in leaves and minor induction was observed in roots and nodes, whereas no obvious change of GFP expression level was observed in callus, ligule, stamen, and pistil after drought stress (Fig. 1b) . Further examination of the GFP signal in the stressed leaves revealed that the signal is localized predominantly in guard cells that constitute the stomata (Fig. 1d) . This finding suggests that SNAC1 gene expression was specifically induced in guard cells, and this GFP signal was observed for guard cells on both the upper and lower sides of leaves.
Overexpression of SNAC1 Can Significantly Improve Drought Resistance. To test the effect of SNAC1 overexpression on drought resistance, the full-ength cDNA of SNAC1 under the control of the CaMV 35S promoter (Fig. 2a) was transformed into japonica cultivar Nipponbare. Of 33 independent T 0 transgenic plants generated, 29 were positive transformants as detected by PCR of hygromycin resistance gene, and all of them exhibited a normal phenotype under normal growth conditions. Northern blot analysis of the transgene in seven independent positive transgenic plants showed that five (S8, S19, S21, S24, and S25) plants had high levels of transgene expression whereas the other two (S18 and S23) had no expression of transgene (Fig. 2a) . S18 was thus used as a negative control for further analysis. Southern blot analysis suggested that all of the five expression-positive plants had 1-2 copies of T-DNA [portion of the Ti (tumor-inducing) plasmid that is transferred to plant cells] (Fig. 2b) . Positive transgenic plants were chosen for testing with three drought treatments at the anthesis stage: severe stress in the field (with soil water content Ϸ15%), moderate stress in the field (soil water content Ϸ28%), and moderate stress in poly(vinyl chloride) (PVC) pipes in which plants were individually stressed according to a defined protocol (see Materials and Methods).
During the process of stress development, the transgenic plants showed much delayed leaf-rolling compared with the negative control S18 (Fig. 2c ) and the WT (data not shown). All of the SNAC1-overexpressing plants produced significantly (t test, P Ͻ 0.01) higher spikelet fertility than the negative control under all three treatments (Table 1) . Under severe drought stress in which the WT and the negative control produced almost no seeds, the five transgenic lines had 23.0-34.6% spikelet fertility. While the moderate drought stress was conducted in the drought-prone field, SNAC1-overexpressing plants exhibited 17.4-22.3% higher spikelet fertility than the WT or the negative transgenic line S18. Under the stress conditions created using the PVC pipes, the transgenic lines showed 17.2-24.0% higher seed setting than the control. Under well irrigated conditions, all transgenic and control plants had similar performance for spikelet fertility (Table 1) . Moreover, no significant difference was detected between the transgenic plants and the control as evaluated by a number of agronomic traits such as plant height, number of panicles per plant, number of spikelets per Table 2 , which is published as supporting information on the PNAS web site). This finding clearly indicates that overexpression of SNAC1 does not affect growth and productivity of the rice plant.
We also performed a cosegregation analysis between drought resistance and the transgene expression using the T 1 family of the transformant S19, which was identified as having a single copy of transgene (Fig. 2b) . Of the 20 plants analyzed, 16 positive plants had spikelet fertility Ϸ23.7-38.3%, whereas the spikelet fertility of the 4 negative plants ranging 2.3-5.9%, demonstrating perfect cosegregation between the transgene and fertility under drought stressed conditions (Fig. 2d) .
Increased Stomatal Closure and ABA Sensitivity May Provide Partial
Explanation for the Observed Drought Resistance. During the development of drought stress, the leaves of SNAC1-overexpressing plants lost water more slowly (Fig. 3a) . Because SNAC1 showed a strongly localized expression in guard cells by drought stress, we investigated the response of stomata under drought stress. Significantly (P Ͻ 0.01) more stomatal pores were closed in transgenic rice than in the WT under both normal and drought-stressed conditions (Fig. 3b) . Interestingly, photosynthesis rate was not significantly affected in the transgenic plants, but transpiration rate was lower in the transgenic plants than the WT (Fig. 3c) . Furthermore, transgenic seedlings were significantly (P Ͻ 0.05) more sensitive to ABA treatment (Fig. 3d) . These results suggested that the enhanced drought resistance of the transgenic plants was at least partly due to the increased stomatal closure and/or ABA sensitivity to prevent water loss. In addition, the rolled transgenic leaf segments, when rehydrated, could establish turgor pressure with significantly (P Ͻ 0.05) lower minimum relative water content (mRWC) than the WT (Table 1) , suggesting an increased dehydration tolerance of the transgenic rice.
SNAC1-Overexpressing Transgenic Plants Significantly Improve
Drought Resistance and Salt Tolerance at Vegetative Stage. Positive transgenic plants of the five transgenic families were tested for drought resistance at the four-leaf stage. At 12 days after waterwithholding, almost all leaves of the WT plants completely rolled, whereas only a small portion of the leaves of the transgenic plants slightly rolled. One week after rewatering, Ͼ50% of transgenic plants recovered, but only Ϸ10% of the control plants recovered (Fig. 4a and Table 3 , which is published as supporting information on the PNAS web site), suggesting strong drought resistance of the transgenic rice at this stage.
Salt tolerance of the transgenic lines was also tested. After treatment with 200 mM NaCl for 12 days, Ͼ80% of transgenic seedlings survived, whereas almost all of the control seedlings died ( Fig. 4b and Table 3 ). After mild salt stress treatment (100 mM NaCl for 5 days, a condition that is not lethal to WT rice plants), fresh weight gain of transgenic plants was significantly (P Ͻ 0.01) higher than the WT, but no significant difference of fresh weight gain was observed under the normal conditions, indicating that the transgenic plants showed good performance under salt stress (Fig. 4c). Similarly, the calli generated from SNAC1-overexpressing rice seeds showed significantly (P Ͻ 0.01) higher fresh weight gain than the WT calli cultured on the medium containing 100 mM NaCl for 15 d (Fig. 4d) . These results indicate that overexpression of SNAC1 significantly enhanced salt tolerance of the transgenic lines both at individual and cellular levels.
SNAC1 Encodes a NAC Transcription Factor that Regulates Many Stress
Related Genes. The predicted SNAC1 protein, 314 aa in length, contained a conserved DNA-binding domain found in the plantspecific NAC gene family (32), putative nuclear localization signal (NLS) sequences located at the regions of 77-89 aa and 114-130 aa, respectively, and a nonconserved C-terminal region (Fig. 6 , which is published as supporting information on the PNAS web site). A construct P SNAC1 :⌬SNAC1:GFP containing the first 90 N-terminal amino acids of SNAC1 fused to GFP under the control of the native SNAC1 promoter was transformed into the rice Nipponbare, and the GFP signal was observed only in nuclei of the cells (Fig. 5a ), suggesting that the N-terminal NLS was sufficient to mediate the nuclear targeting of SNAC1 protein.
Transactivation assay in the yeast strain MV203 using the fulllength or C-terminal region (172-314 aa) sequences of SNAC1 fused to the DNA-binding domain of GAL4 produced the same transactivation activity (Fig. 5b) . Serial deletion of SNAC1 in the C-terminal region from the end to the position of 271 aa did not affect the activation, whereas a further deletion to 241 aa abolished the transactivation activity (Fig. 7 , which is published as supporting information on the PNAS web site). These results suggested that the predicted C-terminal activation domain had transactivation activity.
To test whether SNAC1 can bind to the putative NACRS (30) in the promoter of the rice ERD1 (early responsive to drought 1) homologue (OsERD1), vectors of pGAD-SNAC1 (containing the putative DNA-binding domain of SNAC1 fused to the GAL4 activation domain) and pHIS2-cis (containing triple tandem repeats of putative NACRS from the OsERD1 promoter) were cotransformed into the yeast strain Y187. The cotransformants could grow on the SD/Leu Ϫ /Trp Ϫ /His Ϫ medium with 30 mM 3-AT whereas the transformed control could not (Fig. 5c) , indicating that the SNAC1 could bind to the similar NACRS in OsERD1 promoter.
The features of SNAC1 as a transcription factor prompted us to investigate the expression changes at the whole genome level using a rice DNA chip containing all putative genes in the rice genome (33) . Compared with the WT, Ͼ80 cDNA-supported genes showed 2.1-fold or higher up-regulation in the transgenic plants under normal growth conditions (Table 4 , which is published as supporting information on the PNAS web site). Northern blot analysis of six genes (including OsERD1) with different levels of up-regulation (3.1-to 14.4-fold) confirmed the up-regulation of the five genes (Fig. 5d) . Further analysis showed that all of the six genes were induced by abiotic stresses including drought, salt, cold, and ABA treatment (Fig. 8 , which is published as supporting information on the PNAS web site). Based on sequence analysis, Ϸ40 up-regulated genes encode proteins with predicted functions involved in the regulation of stress responses (such as transcription factors, protein kinases, and phosphatases), production of osmolytes (such as sorbitol transporter, exoglucanase, galactosidase, and glycosyltransferase), detoxification and redox homeostasis (such as OsERD1 and glutaredoxin), and protection of macromolecules [such as poly(A)-binding protein and N 2 ,N 2 -dimethylguanosine tRNA methyltransferase], as well as proteins related to other stresses.
Discussion
Most reports that document enhancement of drought tolerance by means of overexpression of selected genes have been done with model systems, and there are only rare examples [e.g., ERA1 (34) ] in which similar effects have been demonstrated through drought resistance testing in the field. With a long-term goal to improve drought resistance of rice, the stress-inducible SNAC1 gene was overexpressed in rice, and the transgenic plants were tested in the field for resistance to drought stress at the stage of anthesis. This stage was chosen for drought resistance testing because it is most sensitive to dehydration stress and very critical for the final yield trait of rice (35) . Our data show that the seed-setting rate [one of the key components of yield trait and the best indicator of drought resistance at reproductive stage (36)] of transgenic rice was 22-34% higher than the control plants under severe drought-stressed conditions. With moderate drought stress applied at the early reproductive stage, the SNAC1-overexpressing transgenic rice also had 17-24% higher fertility than the WT. The SNAC1-overexpressing transgenic rice seedlings showed very significantly higher survival rate than WT under drought treatment, further supporting the Improved drought resistance and salt tolerance of SNAC1-overexpressing transgenic rice at vegetative stage. (a and b) Recovery of the SNAC1-overexpressing seedlings after drought stress (a; 12 days of water-withholding at fourleaf stage followed by 1 week of watering) or salt stress (b; 200 mM NaCl for 12 days). Survival rate is indicated below, and the values are based on three repeats (Table 3) usefulness of this gene in genetic improvement of drought resistance in rice.
Constitutive overexpression of some stress-responsive transcription factor genes, such as DREBs, controlled by the CaMV 35S promoter frequently caused unwanted phenotypes, such as reduced plant growth, that finally caused significant reduction of potential yield (37) . However, transgenic plants (T 0 ) or families (T 1 and T 2 ) of SNAC1 showed no obvious difference from the WT plants in all of the traits investigated. Such results provided another good feature for the usefulness of this gene in improving drought resistance.
Drought tolerance and drought avoidance are two major mechanisms for drought resistance in plants. Because SNAC1-overexpressing plants showed no difference from WT in root depth and root volume, the contribution of root traits should be very limited. This finding is corroborated by the results that transgenic plants had significantly higher seed settings than WT with the drought treatment in PVC pipes, in which transgenic and WT plants were individually stressed to the same degree of leaf-rolling; thus, the effects of drought avoidance by deep root is theoretically excluded. Compared with the WT or negative transgenic control, positive transgenic plants showed delayed leaf-rolling and lost water more slowly, which can be considered as another type of drought avoidance (38) . The coincidence of delayed leaf-rolling and reduced rate of water loss with increased stomatal closure in transgenic leaves suggested a role for stomatal closure at the early stage of drought stress in preventing water loss from the plant. The strongly localized induction of SNAC1 in guard cells of WT plants suggests that increased stomatal closure is a likely target of regulation by SNAC1, although the details of the regulatory mechanism remain to be characterized. In this connection, it is interesting to note that quite a few rice homologs of genes related to stomatal movement [such as major intrinsic protein (39), calmodulin-binding protein (40) , Rac-like GTP-binding protein (41) , and WWE domaincontaining protein (42) ] are up-regulated in the SNAC1-overexpressing plants (Table 4) . Recently, two guard-cellspecific R2R3-MYB transcription factors, AtMYB60 (negatively modulated by drought and reducing stomatal opening in nullmutant) (43) and AtMYB61 (positively regulating stomatal closure) (44), were characterized in Arabidopsis for their different roles in the regulation of stomatal closure. A rice R2R3-MYB gene (UGS5) containing core binding sequence of putative NACRS in the promoter region was also up-regulated in the SNAC1-overexpressing plants (Fig. 5) . Further investigation of the relationship between SNAC1 and the MYB or other groups of genes is necessary for characterizing the regulatory mechanism involved in stomatal movement under drought stress. Despite having increased numbers of closed stomata in the transgenic rice, the photosynthesic rate between transgenic and WT plants was not significantly different, possibly because rice leaves function normally with more open stomata than may be optimal (S. Pen, personal communication). These results indicate that a more detailed characterization of the effect of SNAC1 overexpression on water use efficiency is warranted.
The ability of transgenic leaves to reestablish turgor pressure at a lower mRWC upon reapplication of water indicates that the transgenic plants have also acquired enhanced dehydration tolerance, in which, according to current understanding, the following mechanisms might be involved: osmotic adjustment (OA) and cell membrane stability, protection of important macromolecules from degradation, and maintenance of redoxin homeostasis and detoxification. The functional categories of genes up-regulated in the SNAC1-overexpressing plants may provide supporting evidence for the actions of such mechanisms in drought tolerance of the transgenic plants. In fact, at least 18 genes (highlighted in Table 4 ) encoding proteins or enzymes related to OA (such as sorbitol transporter and exoglucanase) or cell membrane stability (such as phosphoethanolamine methyltransferase, and arabinoxylan arabinofuranohydrolase), mRNA and tRNA stability [such as poly(A)-binding protein and N 2 ,N 2 -dimethylguanosine tRNA methyltransferase], and redoxin homeostasis and detoxification (such as glutaredoxin and reductase) were up-regulated in the transgenic plants.
Besides the improved drought resistance, SNAC1-overexpressing transgenic rice also showed enhanced salt tolerance. Among the genes up-regulated in the SNAC1-overexpressing transgenic plants, no gene was found to have homology to transporter or antiporter genes that were previously reported to function in salt tolerance (45) , indicating that there was another potential mechanism of salt tolerance regulated by SNAC1.
In conclusion, this study elucidates that SNAC1 encodes a NAC transcription factor and is induced predominantly in guard cells under dehydration. The significantly enhanced drought resistance and salinity tolerance of the SNAC1-overexpressing rice plants suggest that this gene may show great promise for genetic improvement of stress tolerance in rice. 
Materials and Methods
Constructs and Transformation. The native promoter [an upstream fragment (1,373 bp) starting from the base next to the start codon of SNAC1] was amplified from genomic DNA of upland rice IRAT109 and placed to pCAMBIA1381xb-GFP to control GFP expression (Fig. 1b) . The SNAC1 native promoter fragment with the first 270 bp of SNAC1-coding sequence (harboring a putative nuclear localization signal) was introduced to pCAMBIA1381xb-GFP for GFP fusion expression. The full-length cDNA of SNAC1 was amplified from the rice IRAT109 by RT-PCR and inserted into pCAMBIA1301 under the control of the CaMV 35S promoter for overexpression (Fig. 2a) . All of the constructs were transformed into the japonica rice Nipponbare by the Agrobacterium-mediated transformation method (46) . Stress Treatments and Measurements. Transgenic plants of T 1 or T 2 families were selected by germinating seeds on MS medium containing 50 mg/liter hygromycin for stress testing. Drought resistance at reproductive stage was evaluated under three drought-stressed conditions. The first one was in the refined paddy field (with sand/paddy soil of 1/3) facilitated with a movable rain-off shelter. The second one was conducted in the natural drought-prone field. For these two testings, twenty positive transgenic plants from each transgenic family were planted in two rows (one plot) along with the WT and negative transgenic controls after a randomized complete block designation with three replicates. The third drought testing was conducted in PVC tubes (1 m in height and 20 cm in diameter) filled with well mixed sandy soil (with sand/paddy soil of 1/3), one plant per PVC tube. The detail drought treatment and trait measurement for these testings followed our previous study (36) . To determine the mRWC of leaf for reestablishing turgor pressure, RWC was progressively measured (47) until the rolled leaf cannot reexpand when being supplied with water. Photosynthesis rate was measured by using the LI-6400 Photosynthesis System (LI-COR).
Northern Blot and Southern Blot Analysis. Total RNA was isolated from leaves by using TRIzol reagent (Invitrogen, Carlsbad, CA). Fifteen micrograms of total RNA was used for RNA blot analysis. Total DNA was extracted from T 0 transgenic plants by CTAB method, and four micrograms of total DNA was digested by EcoRI for Southern blot. Hybridization was performed with 32 P-labeled gene-specific cDNA, and the results were detected by autoradiography.
DNA Chip Analysis.
A custom DNA chip of Ϸ60,000 oligos (70 mer) representing all putative genes of rice genome was purchased from the Beijing Genomic Institute. For the DNA chip analysis, each transgenic plant and control mRNA samples were reverse transcribed and labeled with Cy3 and Cy5, respectively. Each pair of samples was reversely labeled with transgenic sample labeled by Cy5 and control sample labeled by Cy3, which served as a technical repeat. Hybridization and data processing were carried out as described (33) . The genes with the ratios exceeding 2.1-fold in all of the repeated hybridizations were selected for further analysis.
GFP Imaging and SEM. Root slices of transgenic rice were stained with propidium iodide (10 g/ml), and the GFP fluorescence was observed by confocal microscopy (TCS SP2, Leica). Leaves of the transgenic and WT plants at booting stage with the same period of dehydration-stress were fixed by glutaraldehyde (2.5%), and the aperture of stomata on upper surface was visualized in a SEM (S-570; Hitachi).
Biochemical Assay in Yeast. For transactivation assay, the full ORF and a series of deleted SNAC1 were generated by PCR (see Table  5 , which is published as supporting information on the PNAS web site, for primer information) and fused in frame to the yeast GAL4 DNA-binding domain in pDEST32 by recombination reactions (Invitrogen). Fusion proteins of GAL4 DNA-binding domain with different portions of SNAC1 were expressed in yeast cells MV203. The colony-lift filter assay (␤-gal assay) was performed as described by the manufacturer (Invitrogen). For the one-hybrid assay, SNAC1 was fused to the GAL4 activation domain in the vector pGADT7-Rec2 (Clontech, Palo Alto, CA) and cotransformed with the reporter vector (pHIS2-cis) into yeast cell Y187 for determination of the DNA-protein interactions.
